We studied the refolding free energy landscape of 26 proteins using the Go-like model. The distance between the denaturated state and the transition state, X F , was calculated using the Bell theory and the nonlinear Dudko-Hummer-Szabo theory, and its relation to the geometrical properties of the native state was considered in detail. We showed that none of the structural parameters, such as the contact order, protein length, and radius of cross section, correlate with X F for all classes of proteins. To overcome this problem, we have introduced the nematic order parameter P 02 , which describes the ordering of the structured elements of the native state. Due to its topologically global nature, P 02 is better than other structural parameters in describing the folding free energy landscape. In particular, P 02 displays a good correlation with X F extracted from the nonlinear theory for all three classes of proteins. Therefore, this parameter can be used to predict X F for any protein, if its native structure is known. Published by AIP Publishing. https://doi
I. INTRODUCTION
The construction of a free energy landscape (FEL) of biomolecules is important in understanding their structurefunction relationship. However, this problem is very complicated because we have to deal with a multi-dimensional object. One of the possible ways to overcome this difficulty is to map the FEL onto a lower dimensional space using one or more reaction coordinates, while simultaneously not losing important information about the system under investigation.
Recently, single molecule force spectroscopy (SMFP) has become a useful tool for exploring FEL using mechanical force as an additional parameter for probing molecular interactions. [1] [2] [3] [4] Depending on the mechanical stability of the biomolecules, various SMFP techniques have been applied. Magnetic and optical tweezers are commonly used to probe the FEL of DNA and RNA, which are highly elastic and malleable, 2 having the rupture force of tens of pN. Atomic force microscopy (AFM) is often used to study the behavior of proteins where a typical force is about 10 2 pN. AFM experiments were carried out mainly for protein unfolding [1] [2] [3] 5 as well as for protein refolding. [6] [7] [8] [9] [10] [11] In the presence of an external mechanical force f, the free energy landscape changes in such a way that the unfolding barrier is reduced by ∆∆G ‡ U = ∆G ‡ U (f ) − ∆G ‡ U (0), while the folding barrier levels up by ∆∆G ‡ F = ∆G ‡ F (f ) − ∆G ‡ F (0) (Fig. 1 ). Here ∆G ‡ U,F (f ) and ∆G ‡ U,F (0) are the a) P. D. Lan and M. Kouza contributed equally to this work. b) Author to whom correspondence should be addressed: masli@ifpan.edu.pl unfolding/folding barriers in the presence and absence of force (f = 0), respectively. In weak force or Bell regime, 12 one can approximate ∆∆G ‡ F = X F f and ∆∆G ‡ U = −X U f, where X F is the distance between the denaturated state (DS) and the transition state (TS), while X U is the distance between the native state (NS) and TS. Thus, in the linear force regime, parameters X F and X U can be obtained from the exponential dependence of refolding 6 and unfolding 2 times on f, respectively. In an experiment with a constant pulling speed v, X U is usually estimated from the linear dependence of the rupture force on ln(v). In the non-linear regime, one has to apply a more complicated dependence of the folding/unfolding time on f taking into account the movement of TS under the force. 13 For protein unfolding under mechanical force, it was shown 2,14 that X U depends on the contact order 15 (CO) or on the secondary structure in such a way that the larger the β-structure, the smaller the X U . A similar linear dependence on the β-structure was obtained for the rupture force. 14, 16, 17 The question that we ask in this paper is which structural parameter is best to describe the distance between DS and TS, X F, which characterizes the refolding process. One should note that, in general, X F is an abstract reaction coordinate. However, Schlierf and Rief 18 proposed that X F is directly related to the protein end-to-end distance in such a way that it may be extracted from the free energy landscape plotted as a function of the end-to-end distance and their suggestion was confirmed for a number of proteins. 18, 19 We have shown that, contrary to the unfolding case, 2 this distance is correlated with the β-structure for β-proteins, but not for α-and mixed α/β-proteins. In addition, none of the existing structural J. Chem. Phys. parameters such as protein length and radius of cross section can be used to predict X F for all classes of proteins. This prompted us to introduce the "nematic liquid crystal" order parameter P 02 , which characterizes the ordering of secondary structures in the native state. Using the Go model, we have demonstrated that this order parameter does not improve the correlation much with X F extracted from the Bell theory, but it shows a reasonable correlation with X F extracted from DudkoHummer-Szabo (DHS) theory. 13 Thus, P 02 is better than any other parameter in describing the FEL of protein folding.
II. MATERIAL AND METHODS

A. Coarse-grained model
The computation of folding time, in particular, in the presence of the external force, using all-atom models is beyond the present computational limit. Therefore, coarse-grained models are the only choice. The simplest coarse-grained model is a Go model 20 that favors the native state by distinguishing between native and non-native interactions and is demonstrated appropriate to delineate protein folding process of many proteins. 21 Despite simplicity, Go models provided reasonable results that agree with all-atom simulations and experiments on impact of mechanical force and denaturant on protein folding and unfolding. 19, [22] [23] [24] [25] [26] [27] In this paper, we used the Go-like model 21 in which each amino acid is represented by a single bead. The energy of this model is as follows:
Here ∆Φ i = Φ i − Φ 0i , r i,j is the distance between residues i and j, and θ i is the bond angle between bonds (i − 1) and i. Subscripts "0," "NC," and "NNC" denote the native conformation, native contacts, and non-native contacts, respectively. Beads i and j are in native contact if r 0ij is less than a cutoff distance d c = 6.5 Å, where r 0ij is the distance between the residues i and j in the native conformation. The chain connectivity is ensured by the first harmonic term in Eq. (1), and the second term refers to the bond angle potential. The potential for dihedral angles is given by the third term in Eq. (1) . The interaction energy between residues separated by at least 3 beads is described by 10-12 Lennard-Jones potential. A soft sphere repulsive potential given by the fifth term in Eq. (1) disfavors the formation of non-native contacts. The last term accounts the protein interaction with the force applied to C and N termini along the end-to-end vector R in constant force simulations.
We have chosen
where ε H is the hydrogen bond energy and c = 4 Å. Force unit is f = ε H /Å ≈ 68 pN. The Langevin equation was employed to study dynamics of the system and was solved by the Verlet algorithm using time step ∆t = 0.005 τ L , where the characteristic time τ L ≈ 3 ps. 28 More details about this model are available elsewhere. 14, 19, 29 In combination with the Langevin dynamics, the Go-like model (1) successfully predicted the correlation between X U and the secondary structures of NS. 2, 14 This model can also reproduce refolding experimental results on X F for a number of proteins. 19 Thus, we expect that it can be used to study the relationship between X F and topology of NS.
B. All-atom reconstruction
To obtain all-atom representation from a single bead conformation, the backbone resolution is reconstructed from α-carbon trace by PUNCHRA. 30 Then side chain atoms were added to the backbone structure and were optimized using SCWRL 4.0 package. 31 
C. Contact order
The contact order or relative contact order (RCO) is defined as 15 
RCO
where ∆ ij = 1 if residues i and j are in native contact and ∆ ij = 0 otherwise, |i − j| is the distance between residues in the sequence space, L is the number of residues, and the summation is over all possible pairs of residues. The absolute contact order (ACO) is equal to L * RCO.
D. Radius of cross section
The radius of cross section is defined as S ASA /V ASA , where S ASA is the solvent-accessible surface area, while V ASA is the volume surrounded by this surface. 32 This quantity is proportional to the average radius of the minimal cross section in the center of protein molecule. Because (S ASA /V ASA ) 2 is correlated with protein folding times, 32 we will use this as a structural indicator for describing the free energy landscape.
E. Other structural indicators
According to the quantitative capillarity theory, 33 the folding barrier scales with the protein size like L 2/3 , while the random barrier picture predicted the L 1/2 dependence. 34 These theories have been supported by experimental 35 as well as simulation 36 data. Thus one can expect a correlation between X F and L 2/3 and L 1/2 . However, we can show that the correlation levels are nearly the same for these quantities and we will focus only on L 2/3 . In addition, we will consider the relationship between and X F and L. Because the gyration radius R g characterizes the compactness of the protein, we will also consider its ability to decipher the refolding free energy landscape.
F. Folding time at T min
The folding time, τ f , is a median value of folding times, obtained from individual runs. In order to obtain reliable results for each value of force, a pool of 50-100 trajectories has been generated. As in our previous work, 19 all simulations were carried out at temperature T min , at which the folding is fastest in the absence of force.
III. RESULTS AND DISCUSSIONS
A. Correlation between x F and typical structural parameters
In this section, we consider a possible correlation between X F and several typical structural parameters, such as contact order (CO), radius of cross section (V ASA /S ASA ) 2 , and protein size (L 2/3 ).
Bell approximation
Protein refolding is very sensitive to the applied force, 4, [37] [38] [39] and in general, the distance from DS to TS depends on the force intensity. In the Bell approximation, this distance is assumed to be constant in the narrow force regime 37 and then X F can be extracted from the exponential dependence of the folding time τ f on the external force, 12
where τ 0 is the folding time at zero force. Recently, we have demonstrated 19 that there is a switch from the weak force regime to the medium force regime. In TABLE I . Relative contact order (RCO), absolute contact order (CO), radius of cross section (V ASA /S ASA ) 2 , protein size (L 2/3 ), and order parameter P 02 of 26 proteins studied in this work. X F1 and X F2 in low and mean force regimes were calculated in the Bell approximation. The last column refers to X F extracted from DHS theory. the weak force regime, folding pathways are the same as in the absence of force (temperature-driven regime) and the dependence of the folding time on the external force is described by Eq. (2) with the distance X F1 . In the medium force regime, which is probed by AFM experiments, 19 the dependence of τ f on f is also given by Eq. (2) but with the distance X F2 , where
In this work, we also observed two regimes separated by a switch force f switch (Figs. S1-S3 in the supplementary material), but for more proteins than our previous study. 19 Here the proteins are divided into three classes of α-, β-, and mixed α/β-proteins. Using Eq. (2) and the data from Figs. S1-S3, we extracted X F1 and X F2 for two regimes (Table I) . X F greatly varies among proteins. Some of them such as 1NTI (α-protein) and 2RN2 (mixed α/β-protein) have very large X F , indicating their high sensitivity to the quenched force and the acquisition of their native state is difficult.
a. Correlation between X F and structural parameters for β-proteins. It is known that α-rich proteins fold more rapidly than β-rich proteins 15, 40 and the folding rate correlates with the parameters specifying NS such as contact order (CO) and its various variants, 15, 41, 42 the protein length (L), 43 and the radius of the cross section [(V ASA /S ASA ) 2 ]. 32 Studies on mechanical unfolding showed a correlation between X u and CO. 2, 14 An interesting question emerges: does the distance X F correlate with these structural parameters.
For β-proteins, there is no fit with the relative contact order CO, but ACO has a correlation level R = 0.67 and 0.74 for X F1 and X F2 , respectively (Fig. 2) .
(V ASA /S ASA ) 2 parameter, which describes the compactness of the protein, also correlates with the distance between DS and NS, but the correlation level is slightly lower than that of ACO and L 2/3 (R = 0.57 and 0.65 for X F1 and X F2, respectively). To be more confident in the correlations between X F and the structural parameters from linear regression, we calculated the p-values that are shown in the corresponding plots. By adopting the standard criterion that a good fit should have p less than 0.05, ACO and R g display the best correlation with X F among the others.
b. No correlation between X F and structure parameters for α-proteins and α/ β-proteins. As evident from Fig. S4 , the distance X F of α-proteins correlates with structural parameters worse than β-proteins, since R remains below 0.27 and p-values are larger than 0.56. This may be due to the fact that proteins of this class are too sensitive to external force, leading to a greater variation in X F compared to β-proteins. Another possible reason is that our set is not large enough to have good statistics.
Correlation is better in the case of α/β-proteins (Fig. S5 ), but the fit remains poor, with the exception of L 2/3 and L for which we obtained R = 0.65, p = 0.044 and R = 0.68, p = 0.029, respectively. classes of proteins, we present FEL as a function of the endto-end distance and the fraction of native contacts for 1LMB (α-protein) and 1G1C (β-protein) (Fig. 3) . For 1G1C, in the both low (f = 3.5 pN) and medium force (f = 8.16 pN) regimes, the most representative structures contain tertiary contacts implying that the refolding is not so sensitive to external force. As a result, X F values are not very diverse among proteins leading to its correlation with structural parameters, as can be seen in our simulation.
The situation becomes different for the -protein 1LMB, where secondary structures were formed in the representative structures in the medium force regime (f = 6.8 pN), but tertiary contacts do not yet occur making it difficult to acquire the native structure. Thus, the effect of external force on the refolding of α-proteins is strong and leads to a large variation of X F or, ultimately, to a poor fit between X F and structural parameters.
Nonlinear Dudko-Hummer-Szabo (DHS) theory
Although Bell theory is widely used in experiments to obtain information about FEL, X F is determined only in a narrow force range and estimation of τ 0 from Eq. (2) might be inaccurate. 37 This is partly because in the linear theory the movement of TS under the action of an external force is neglected. On the other hand, as seen above, in the Bell approximation, the correlation between X F and structural parameters is poor, in particular, for α-proteins and α/β-proteins. Therefore, we attempted to go beyond this approximation using DHS theory, which took into account the displacement of TS under an external force. 13 Then X F can be defined over a broader range of forces by the following equation:
where ∆G is the height of the barrier between DS and TS, and the parameter ν is related to the shape of the barrier: ν = 2/3 for a linear-cubic barrier, ν = 1/2 for a cusp-like barrier, and ν = 1 returns the Bell theory [Eq. (2)]. This theory was successfully used to explore FEL of proteins and RNA hairpin. 4, 29, 44 Since X F extracted from Eq. (3) is almost the same for ν = 1/2 and 2/3, we present the results for ν = 1/2. Figure 4 illustrates the application of the DHS theory to protein 1KSR. Obviously the fit works for a wider range than the weak force regime, but it fails to cover the entire medium regime. In general, the region, where this fit works, depends on proteins. For some proteins, it is valid for the weak force regime, but for other proteins it covers both weak and medium force regimes (Figs. S1-S3 ). X F predicted by the DHS theory for all studied proteins is given in Table I .
a. The DHS theory works best for α/ β proteins. Contrary to the Bell theory, for β-proteins X F , predicted by the DHS theory does not correlate with any structural parameter (Fig. 5) . The best fit was obtained for R g , but the corresponding correlation level is rather low (R = 0.58, p = 0.103). For α-proteins, the DHS approximation works better than the Bell theory (compare Fig. 5 and Fig. S4 ), but the correlation remains poor because the best correlation, obtained for ACO, is only 0.5.
For α/β proteins, the DHS theory works much better than the Bell theory with two regimes (Fig. 5 and Fig. S5 B. Order parameter P 02
Definition of P 02
Because none of the structural parameters are capable to characterize X F for all classes of proteins, we introduce a "nematic liquid crystal" order parameter P 02 as follows:
Here − → u i (i = 1, . . ., N) are the unit vectors connecting the two Cα-ends of secondary structures including the helix and beta (Fig. 6) , N is the number of secondary structure elements, and − → d is the unit eigenvector, which defines the collective direction of the vectors − → u i . The STRIDE software was employed to FIG. 6 . A cartoon representation of 1PGA protein that has 5 structured segments, identifined by STRIDE. Vectors connecting two Cα-ends of secondary structure elements are − → u 1 (residues 2 → 8), − → u 2 (residues 13 → 19), − → u 3 (residues 23 → 37), − → u 4 (residues 42 → 46), and − → u 5 (residues 51 → 55). For 1PGA,
obtain secondary structures of native conformation retrieved from the Protein Data Bank (PDB). 45 The vectors − → u i were calculated by the cafit orientation module 46 plugged in the Pymol 47 software. Note that parameter P 02 was introduced 48 to describe the fibril structure of protein. In our case, this parameter measures the order of structured segments. P 02 of all studied proteins is shown in Table I . Proteins with small P 02 are structurally less ordered than proteins with large P 02 . Thus, it is expected that proteins, which have small P 02 , will be sensitive to external force. 
Bell theory
a. P 02 parameter correlates with X F of β-proteins. In the low force regime, parameter P 02 of β-proteins correlates with X F1 (R = 0.77 and p = 0.016, Fig. 7 ) better than other structural parameters (Fig. 2) . However, in the medium force regime, the correlation X F2 with P 02 (R = 0.68 and p = 0.042, Fig. 7 ) is compatible with ACO and Rg (Fig. 2) . For both fits, p-value is less than 0.05 providing additional support for this correlation. The fact that P 02 fits well with the Bell theory is not surprising because, except RCO, other structural parameters also correlate with it due to the high stability of β-proteins.
b. P 02 parameter displays a good correlation with X F for combined α-and β-proteins. As can be seen from the FEL of 1LMB (α-protein), the formation of the secondary structures depends little on the force intensity (Fig. 3) . The primary effect of force on α-proteins is to prevent their packaging into the native structure. So we obtained a marginally correlation of P 02 in the low force regime (R = 0.66, Fig. S6 ). However, in the medium force regime, when the force action becomes strong, P 02 ceases to correlate with X F2 (R = −0.19) (Fig. S6) . This is partly due to the fact that protein 1NTI has too high X F2 (6.6 nm, Table I ).
For the studied proteins, almost no correlation has been observed for mixed α/β-proteins as the correlation level R is below 0.24 and p 0.05 (Fig. S7) . However, by removing 1NTI and combining the data, obtained for α-proteins and β-proteins, we obtained R = 0.76, p = 0.0009 and R = 0.67, p = 0.0058 for X F1 and X F2 , respectively (Fig. 8) .
3. Correlation between P 02 and X F extracted from DHS theory Figure 9 shows X F obtained in the nonlinear theory [Eq. (3)], as a function of P 02 for each class of proteins and for all proteins combined together. As expected, the best fit was obtained for the β-proteins (R = 0.76). Even for brittle α-proteins, we have a good correlation with R = 0.69. For mixed α/β-proteins, a slightly weaker match was obtained (R = 0.62), but this result shows that the DHS theory works better than the Bell approximation, where correlation was not observed for this class of proteins (Fig. S7 ). More importantly, there is a rather good correlation of P 02 with X F of all three classes of proteins (R all = 0.6 and p = 0.001, Fig. 9 ). This result is important because all of typical structural parameters fail to have correlation even with X F extracted from the DHS theory (Fig. S8 in the supplementary material) . Thus, our main result is that the new parameter P 02 is better than other structural parameters in describing protein refolding under the quenched force.
We stress that the correlation of 0.6 is not as high as that found by Plaxco and Baker for the relationship between the relative contact order and the experimental folding rate in the absence of force (R ≈ 0.8). 15 In our opinion, the reason for this is that the protein folding is sensitive to the external force, making the variation of folding times in a much wider range compared to the case of folding without quenched force. Consequently, X F is sensitive to secondary structures, which results in a lower correlation level.
Comparison with experiments
To our best knowledge, X F was experimentally measured for 7 proteins (Table II) the experimental data on X F and parameter P 02 (Fig. 10) as R = −0.43 and p = 0.337. This is probably because the data set is small, but more importantly because in the experiment X F was estimated using the Bell theory, i.e., from the linear dependence of the rupture force on the logarithm of the pulling speed. From this point of view, the experimental data agree with our result about the poor relationship between P 02 and X F estimated within the linear theory. It would be interesting to extract X F from fitting experimental data, which are collected in both weak and medium force regimes, with the DHS Eq. (3) Table II. and verify our main prediction that they are correlated with P 02.
IV. CONCLUSION
We have calculated X F for 26 Go proteins using the Bell and DHS theory. The relationship between this distance and various structural parameters has been analyzed in detail. It was shown that none of the existing parameters (RCO, ACO, radius of cross section, R g , and protein length) is correlated with X F obtained for all classes of proteins. To overcome this problem, we have introduced parameter P 02 which characterizes the ordering of the β-and α-structures of NS. Due to this topologically global nature, for all proteins, the new parameter correlates with X F extracted from DHS theory in such a way that the smaller the P 02 , the larger the X F . Thus, contrary to the distance between NS and TS, X U , which is determined by the contact order, 2,14 the relationship between X F and the geometry of NS is more complicated.
Our simulations show that P 02 is an useful parameter for exploring FEL of protein folding. It can be used to predict X F of proteins, based solely on information about their NS. It would be important to reaffirm our result on the relationship between P 02 and X F for a larger data set not only by simulation but also by experiment.
SUPPLEMENTARY MATERIAL
See supplementary material for dependence of folding time on quenched force for three classes of proteins with linear and DHS fitting (Figs. S1-S3); correlation between X F extracted by Bell formula and relative contact order (RCO), absolute contact order (ACO), L 2/3 , L, radius of cross section (V ASA /S ASA ) 2 , and radius of gyration (R g ) for α-proteins (Fig. S4 ) and α/β-proteins (Fig. S5) ; correlation between X F , extracted by Bell formula, and P 02 for α-proteins and α/β-proteins (Figs. S6 and S7); and correlation between X F , extracted by using the DHS equation, and relative contact order (RCO), absolute contact order (ACO), L 2/3 , L, radius of cross section (V ASA /S ASA ) 2 , and radius of gyration (Rg) for all 26 proteins.
